The profile of circulating progesterone concentration is more dynamic in cattle than in horses. Greater prominence of progesterone fluctuations in cattle than in horses reflect periodic interplay in cattle between pulses of a luteotropin (luteinizing hormone; LH) and pulses of a luteolysin (prostaglandin F2alpha; PGF2alpha). A dose of PGF2alpha that induces complete regression of a mature corpus luteum with a single treatment in cattle or horses is an overdose. The overdose effects on the progesterone profile in cattle are an immediate nonphysiological increase taking place over about 30 min, a decrease to below the original concentration, a dose-dependent rebound 2 h after treatment, and a progressive decrease until the end of luteolysis. An overdose of PGF2alpha in horses results in a similar nonphysiological increase in progesterone followed by complete luteolysis; a rebound does not occur. An overdose of PGF2alpha and apparent lack of awareness of the rebound phenomenon has led to faulty interpretations on the nature of spontaneous luteolysis. A transient progesterone suppression and a transient rebound occur within the hours of a natural PGF2alpha pulse in cattle but not in horses. Progesterone rebounds are from the combined effects of an LH pulse and the descending portion of a PGF2alpha pulse. A complete transitional progesterone rebound occurs at the end of preluteolysis and the beginning of luteolysis and returns progesterone to its original concentration. It is proposed that luteolysis does not begin in cattle until after the transitional rebound. During luteolysis, rebounds are incomplete and gradually wane. A partial rebound during luteolysis in cattle is associated with a concomitant increase in luteal blood flow. A similar increase in luteal blood flow does not occur in mares.
INTRODUCTION
Circulating progesterone concentrations represent periods of growth, maintenance, and regression (luteolysis) of the corpus luteum. In cattle, the progesterone profile is dynamic, reflecting periodic interplay between luteinizing hormone (LH) pulses from the pituitary and prostaglandin F2a (PGF2a; henceforth PGF) pulses from the endometrium [1] . In mares, the progesterone profile is less dynamic, owing to the absence of an effect of LH on progesterone fluctuations.
Terms used in this review are as follows: Preluteolysis occurs before the beginning of regression of the corpus luteum. Luteolysis is the period during regression of the corpus luteum until progesterone has decreased to ,1 ng/ml. The period after luteolysis when concentrations are ,1 ng/ml is termed postluteolysis. Luteal transition refers to the hour at the end of preluteolysis and the beginning of luteolysis, and is based on progesterone determinations every hour. When a single treatment dose of PGF induces complete regression of a mature corpus luteum in cattle or horses, the dose can be considered an overdose. An overdose is followed immediately by a transient nonphysiological increase in progesterone, taking place over about 30 min, followed by a decrease from the maximum of the nonphysiological increase to well below the original concentration for about 1 h (Fig. 1) . A rebound in progesterone for another 1 or 2 h may then occur in cattle but not in horses. A progesterone rebound also occurs naturally in cattle but not in horses after transient progesterone suppression within the hours of an individual PGF pulse. A complete rebound indicates that progesterone returned to approximately the concentration before PGF treatment or before a natural or simulated PGF metabolite (PGFM) pulse. A partial rebound indicates progesterone did not return to the original concentration. During the progesterone decrease of luteolysis, an increase or resurgence in progesterone may occur in either species, if the PGF treatment or a PGF pulse is inadequate for continued luteolysis.
The decade of the 1970s was the heyday for research on PGF and luteolysis and included observations on the progesterone concentration profile. However, several of the early discoveries on the dynamics of the progesterone profile languished until the recent availability of improved equipment (e.g., B-mode and color-Doppler ultrasonography) and improved in vivo approaches (e.g., hourly blood sampling, study of the effects of individual PGF pulses, simulation of a PGF pulse).
This review compares research findings between cattle and horses on the circulating progesterone concentration profile before and during luteolysis. The review culminates in a simplified comparison of the bovine and equine models and of a more complex bovine model that depicts the proposed manner in which LH pulses and PGF pulses interact to produce dynamic fluctuations in progesterone concentrations. The review is limited to circulating concentrations of LH, PGF, and progesterone, except that the temporal association of oxytocin with a PGF pulse is noted. No attempt is made to integrate other circulating factors (e.g., estradiol, growth factors) and intraluteal factors (e.g., cytokines, nitric oxide, endothelin-1) in the control of progesterone output by the corpus luteum [2] . Furthermore, the focus on circulating LH and PGF omits the increasing indications that progesterone itself serves to inhibit luteolysis [3] , the oxytocin release from large luteal cells, and the feedback mechanisms for oxytocin release from the posterior pituitary and PGF secretion by the uterus and corpus luteum [3] [4] [5] .
LUTEOLYSIS IN CATTLE AND HORSES
The length of the interval from ovulation to ovulation is comparable between cattle (21 days) [6] and horses (22 days) [7] ; however, luteolysis begins an average of 17 days after ovulation in heifers [6] and 14 days in mares [8] based on hourly blood sampling. The length of the luteolytic process is similar between the two species and occurs during reported means of 24 h in heifers [6] and 23 h in mares [8] . Concentrations of PGF in the systemic circulation are usually assessed by measuring PGFM in both heifers/cows and mares, owing to the short half-life of PGF [9] . The mean peak-to-peak interval between neighboring PGFM pulses during luteolysis and postluteolysis is 8 h in heifers and 9 h in mares [10] .
Endogenous PGF is ubiquitous among animal tissues and is a powerful cytokine [7] . Nature resolved the potential for side effects of the entry of PGF into the circulation during luteolysis. Some natural strategies for reducing the side effects of systemic PGF are similar and some are different between the two species. A strategy that apparently is universal among species is the short half-life of PGF in the general circulation. Reportedly, 64% and 99% of PGF is metabolized in one passage through the lungs in cows [11] and ewes [12] , respectively. A second protective strategy is the efficient capturing of PGF molecules from the blood by the luteal cell membranes. The affinity of luteal membranes for PGF is 10-fold greater in horses than in cattle [13] . Another apparently universal protective strategy to reduce the magnitude of the exposure to PGF during luteolysis is the secretion of PGF in pulses. Luteolysis is induced and completed by two to four sequential pulses of PGF in heifers [14, 15] and mares [16, 17] . The necessity of pulsatile delivery for complete luteolysis has been demonstrated in both heifers [14] and mares [17] . A single simulated pulse of PGF induces only partial luteolysis in both species. In some species (cattle, sheep, guinea pigs), the delivery of uterine PGF to the corpus luteum through a unilateral or local pathway may also minimize the potential side effects of completely systemic delivery [18] . In contrast, in mares a unilateral pathway has not evolved, and the route of PGF delivery from the uterus to the ovaries is through whole body circulation [7, 18, 19] . The need for a local pathway in mares seemingly has been obviated by the extreme sensitivity of the corpus luteum to PGF-induced luteolysis. In regard to sensitivity, the minimal systemic luteolytic dose is about 1.25 mg/mare and a single dose of 0.25 mg is partly effective [20] . In contrast, the minimal effective systemic dose is 10 to 15 mg in cattle [21] .
NONPHYSIOLOGICAL PROGESTERONE INCREASE IN CATTLE AND HORSES
A transient increase in progesterone occurs in cattle and horses immediately following a PGF overdose that induces complete luteolysis with a single bolus treatment. In both species, the transient progesterone increase reaches maximum by 5-10 min after treatment, decreases to below the pretreatment concentrations by 30 min, and decreases to well below the pretreatment concentrations by 60 min (Figs. 1 and  2 ). The immediate progesterone increase was first noted in the 1970s in cattle [22] , horses [23] , and sheep [24] .
Recent studies have shown that the immediate progesterone response to PGF treatment is nonphysiological in both cattle [14, 25] and horses [26, 27] . In both species, the nonphysiological increase occurs when a PGF dose is much higher than the animal experiences with a natural PGF pulse. In heifers, the circulating PGFM concentrations within 10 min after an intrauterine treatment with a completely luteolytic dose of PGF (4 mg) is about 12-fold greater than the concentration at the peak of a PGF pulse during luteolysis [14] . The nonphysiological progesterone increase occurs with a dose of 4 mg of PGF, but not with a dose of 1.0 or 0.25 mg (Fig. 1) . Despite the nonphysiological increase with only the 4-mg dose, each dose induces a similar decrease below the pretreatment concentration at 1 h [14] , demonstrating that the initial progesterone increase is not a necessary component of the induced luteolysis. However, the 1.0-or 0.25-mg doses require sequential treatments (e.g., every 12 h) for complete luteolysis in a stepwise fashion, demonstrating the importance of natural PGF pulsatility. The nonphysiological increase did not occur when a PGFM pulse was simulated by intrauterine infusion of PGF in heifers [14, 25] or by an intravenous infusion in mares [26] . Furthermore, an initial increase in progesterone was not detected in blood samples collected every 15 min from heifers in temporal association with the beginning nadir or ascending portion of a spontaneous PGFM pulse [28] .
An overdose of PGF that induces complete luteolysis also immediately increases the concentrations of pituitary and adrenocortical hormones in cattle [25, [29] [30] [31] and horses [26, Only the highest dose induces a nonphysiological increase and also results in the lowest rebound followed by complete regression. The lowest dose induces the most prominent rebound. The rebound for the low dose returns the progesterone concentration to the original level similar to the rebound during a natural PGF metabolite (PGFM) pulse before luteolysis. The intermediate dose does not return the rebound to the original level similar to the rebound during a natural PGFM pulse early in luteolysis. The rebound for the two lowest doses is followed by a resurgence.
GINTHER AND BEG 27, 32] . The immediate increase in the pituitary hormones does not occur in association with a natural PGFM pulse or when a PGFM pulse is simulated by PGF infusion in either heifers [25] or mares [26] . Experimental gonadotropin increases in mares appear to be a direct action of PGF on the hypothalamopituitary area [23, 33] , based on an immediate increase in gonadotropins in blood collected through an intravenous sinus cannula [34] . It has been well demonstrated in heifers [25] and mares [26, 27] that the immediate increase in pituitary and adrenal hormones, as well as the initial transient increase in progesterone, are nonphysiological responses to an overdose of PGF. Therefore, the interpretations from the many studies in both species on the nature of the mechanism of spontaneous luteolysis are problematic if they are based on the response to an overdose of PGF. An overdose can be assumed if it induces an immediate transient increase in progesterone and eventually complete luteolysis with a single treatment. These results also indirectly encourage caution in developing interpretations that were based on PGF-treated luteal cells in tissue culture or from luteal cells collected after animal treatment with a bolus luteolytic dose of PGF [35] .
Early investigators [36, 37] suggested that the initial progesterone increase in cattle represented a direct steroidogenic action of PGF on luteal cells but apparently did not consider that the increase may be nonphysiological. A direct action at the corpus luteum was based on a report that PGF stimulates luteal cells to produce progesterone in vitro [38] . Attempts have been made to determine if the nonphysiological progesterone increase was temporally related to an increase in luteal blood flow, but the results have been equivocal. A luteolytic intrauterine bolus dose (4 mg) of PGF in heifers with examination every 2 min showed a concomitant increase in luteal blood flow and progesterone concentrations within 10 min. However, a concomitant increase in blood flow and progesterone also occurred in heifers from intrauterine treatment with a similar volume of saline (Fig. 3) [25] . The increases in the saline group likely reflected the demonstrated [25] secretion of endogenous PGF in response to organ manipulation and insertion of an intrauterine catheter. The blood flow increase was similar between the PGF and saline groups, but the progesterone response was greater in the PGF group. Therefore, the nonphysiological progesterone response to an overdose of PGF is not entirely attributable to increased blood flow. A firm interpretation on an in vivo PGF effect on luteal cells versus luteal blood flow was precluded by the complicating factors of physical stimulation of organs and endogenous and exogenous PGF.
The similarity between cattle [25, 36, 37] and horses [26, 27, 39] in the nonphysiological progesterone increase after a bolus overdose of PGF is striking (Figs. 2 and 3 ) and suggests a direct positive action of PGF on luteal cells in both species, but further study is indicated. An acute progesterone increase within 1 min and then a decrease by 2 min also has been described in mares given a bolus dose of PGF (Fig. 2) [26, 39] . The acute increase and decrease (spike) was followed by the nonphysiological increase between 2 and 10 min. The reason for the progesterone spike is not known, but it has been speculated that it may result from a PGF-induced release of progesterone from intracellular granules or binding sites [39] . An acute progesterone spike after exposure of the corpus luteum to an excessive dose of PGF has not been reported for cattle, but apparently blood sampling has not been done at 1-min intervals. The acute spike further emphasizes the potential folly of studying the physiology of PGF-induced luteolysis with a pharmacological dose of PGF.
THE EXPERIMENTAL PROGESTERONE REBOUND IN CATTLE BUT NOT IN HORSES
After the nonphysiological increase from an overdose of PGF and the subsequent decrease for approximately 1 h to below the pretreatment concentration, a dose-dependent transient rebound in progesterone concentration occurs in cattle (Figs. 1 and 3) but not in horses. The maximum portion of the rebound involves 1 or 2 h and on average occurs 2 h after PGF treatment. The first descriptions of the progesterone rebound in cattle were also a product of the 1970s. Although not discussed, published profiles in cattle show a progesterone increase 2 or 3 h after an excessive dose of PGF followed by a decrease that was characteristic of luteolysis [22, 36] . A subsequent report in cattle described a progesterone increase 3 h after treatment with 10 mg of PGF, and the increase was termed a rebound [30] . Several explanations for the rebound were suggested, including a release of progesterone from the dying luteal cells. Many studies of the luteolytic mechanism during the past decade were done apparently without awareness of the rebound phenomenon, thereby jeopardizing the interpretation of the results (see Role of Luteal Blood Flow in the Progesterone Rebound in Cattle).
It was noted originally that the rebound in cattle was more prominent when it was followed by partial luteolysis than when it was followed by complete luteolysis [40] . A more recent study in cattle showed that the progesterone rebound between 1 h and 2 h after the beginning of intravenous infusion of PGF is more prominent after a 5-mg total dose than with higher doses [41] . Administration of intrauterine bolus doses of 0.25, 1.0, and 4.0 mg revealed that only the 4.0-mg dose resulted in a nonphysiological increase. However, the rebound was less prominent for the 4.0-mg dose ( Fig. 1 ) [14] . Intrauterine infusion of PGF to simulate a PGFM pulse produced a more prominent rebound than a bolus overdose [25, 42, 43] . In sheep with an autotransplanted ovary, arterial infusion of PGF induced what we now refer to as a rebound, beginning in 2 h and peaking in 5 h [44] . In a similar study, a 20-fold greater PGF infusion rate did not produce a rebound, based on inspection of the published progesterone profile [24] . It can be concluded that exogenous PGF is associated with a more pronounced progesterone rebound with a low dose than with a PROGESTERONE CIRCULATORY DYNAMICS high dose, contrasting with the immediate nonphysiological response only for a high dose (Fig. 1 ). Both the more prominent rebound when followed by partial luteolysis and the greater rebound response to a low bolus dose of PGF suggest that an excessive dose of PGF interferes with the development of a rebound by reducing the viability or capacity of the luteal cells to produce progesterone.
In mares, a rebound does not occur with an overdose of PGF that induces an initial nonphysiological increase and does not occur during intravenous infusion of PGF to simulate a PGFM pulse [26, 27] . After an excessive PGF bolus dose, progesterone decreases from the maximum concentration during the nonphysiological increase to below the pretreatment concentration by about 1 h (Fig. 2) as in cattle. In one study [26] , the concentration then ceased to change for about 4 h followed by a decrease until the end of luteolysis. The hours of cessation of the progesterone decrease in mares corresponded to the hours of a progesterone rebound in cattle, although further studies with a bolus dose of PGF are needed. However, the apparent transient cessation in the progesterone decrease from a bolus treatment with PGF in horses is nonphysiological in that a continual linear decrease in progesterone occurs during natural luteolysis.
PROGESTERONE REBOUND WITHIN A NATURAL PGFM PULSE IN CATTLE BUT NOT IN HORSES
Renewed interest in the experimentally induced progesterone rebound occurred with the discovery of a rebound within the hours of a spontaneous PGFM pulse in heifers [45] . Early in the luteolytic period, progesterone decreased during the ascending portion of a PGFM pulse, reached a minimum near the pulse peak, and increased (rebounded) during the descending portion of the pulse (Fig. 4) . Subsequent studies in heifers demonstrated that the intrapulse depression and rebound in progesterone occurs during a PGFM pulse well before the beginning of luteolysis and also during approximately the first half of luteolysis (Figs. 5 and 6) [6, 46] . As a result, the progesterone profile in cattle is characterized by fluctuations with deep depressions during both preluteolysis and luteolysis. In sheep with an autotransplanted ovary and periodic infusion of PGF, prominent progesterone fluctuations occur [24] , which seem similar to the spontaneous fluctuations in cattle.
During preluteolysis in heifers, a PGFM pulse is associated with a complete progesterone rebound in that the concentration returns to the approximate concentration before the PGFM pulse (Figs. 5 and 6) [46] . The complete rebound occurs consistently with the last PGFM pulse of preluteolysis but also occurs with pulses earlier in preluteolysis (Fig. 5) . Complete rebound also occurs 14 days after ovulation when a PGFM pulse is simulated by intrauterine PGF infusion [25, 42, 43] or is induced by treatment with estradiol [47] . Day 14 after ovulation is well before the expected beginning of luteolysis in cattle. These natural and experimental (see The Experimental Progesterone Rebound in Cattle but Not in Horses) conditions with a complete progesterone rebound have in common a mature corpus luteum at the time of the PGF exposure. An intrapulse suppression of progesterone with a subsequent rebound also occurs during the early portion of luteolysis or within the first natural PGFM pulse during luteolysis (Fig. 5 ), but the rebound is partial in that it does not return progesterone to the prepulse concentration. Later in luteolysis, a PGFM pulse may be temporally associated with a progesterone decrease near the pulse peak, but a rebound may not occur. Thus, luteolysis is represented by rebounds that no longer return the progesterone concentration to the level before the PGFM pulse, and the rebounds gradually diminish as luteolysis progresses. Apparently, the extent of the rebound reflects the maturity and the level of viability of the luteal cells during the hours of each PGF pulse.
Horses, unlike cattle, do not show progesterone concentration changes in different directions within a spontaneous [8, 10] or simulated [26] pulse of PGFM (Figs. 4, 6 , and 7). That is, progesterone does not respond differentially to the ascending or descending portions of a PGFM pulse. Progesterone concentration did not increase in blood samples taken at 1-h intervals during the ascending portion of a natural PGFM pulse [16] . Furthermore, progesterone decreases linearly throughout the luteolytic period or during the hours of a PGFM pulse and between the ending nadir of a PGFM pulse and the beginning nadir of the next PGFM pulse (Fig. 7) [10] .
PROGESTERONE REBOUNDS AND LH-DRIVEN PROGESTERONE FLUCTUATIONS IN CATTLE
In the 1960s, it was reported that the life span of the bovine corpus luteum can be prolonged by a single treatment with LH GINTHER AND BEG [48] . In the 1970s, it was suggested [30] that a reported [31] LH increase that occurs 2 or 3 h after PGF treatment in cattle may play a role in the progesterone rebound that occurs after PGF treatment. In the 1980s, it was demonstrated during the midluteal phase that the peak of a progesterone fluctuation occurs 10 min after the peak of an LH pulse [49] . The essentiality of LH for progesterone production by the bovine corpus luteum was well established in the 1990s [50] . During the past decade, the temporal and functional association between LH pulses and progesterone fluctuations have been clarified, and the involvement of both PGF and LH in progesterone rebounds have been demonstrated. The peak of 20 of 26 (79%) LH pulses, based on hourly blood samples, occurred at the peak of a transient progesterone fluctuation and none occurred at the progesterone nadir [1] . During luteolysis, only 29% of the peaks of LH pulses occurred at the same hour as the peak of a progesterone increase. This reduction in synchrony is attributable partly to fewer and smaller progesterone fluctuations during the later portion of luteolysis. During luteolysis, the relationship often seems to represent partial interference of one hormone with the other (Fig. 5) . Treating heifers 15 days after ovulation (preluteolysis) with a gonadotropin-releasing hormone (GnRH)-receptor antagonist lowered the prominence and rhythmicity of transient progesterone increases but did not alter the time and duration of the luteolytic process [51] .
Recently, a PGFM pulse was simulated by incremental intrauterine infusion of PGF 14 days after ovulation, coupled with inhibition of LH pulses with a GnRH antagonist (Fig. 8 ) [42] . Progesterone decreased during the ascending portion of the PGFM pulse and increased as a rebound during the descending portion of the pulse. These PGFM/progesterone relationships during a simulated PGFM pulse are similar to the relationships during a spontaneous PGFM pulse (see Progesterone Rebound Within a Natural PGFM Pulse in Cattle but Not in Horses). A complete progesterone rebound occurred in controls (no LH inhibitor), whereas the rebound was incomplete with a reduction in maximum concentration when the LH pulses were inhibited. In the group with LH inhibition, the mean progesterone rebound was not only less prominent, but was relatively smooth. In contrast, the mean rebound in the group with LH pulses was more prominent and more irregular. Means for P4 and BF are centralized to the peak of a spontaneous PGFM pulse. Concentrations of P4 for heifers were suppressed at the PGFM peak and then rebounded, whereas P4 in mares decreased throughout the PGFM pulse in a linear fashion. A circle around a mean indicates a change (P , 0.05) in direction. Adapted for heifers [15, 45] and mares [16] with permission.
FIG. 5. Progesterone (P4) profiles in six (A-F) individual heifers as determined hourly for 20 h before to 20 h after the transitional progesterone rebound between preluteolysis and luteolysis. The arrows indicate the location of the peaks of PGFM and LH pulses. A line extending out from the stem of an arrow indicates hours when the values in the ascending or descending portion of a pulse exceeded 50% of the amplitude. In heifers C, E, and F, the interval from the peak of the PGFM pulse to the transitional P4 rebound is short, whereas in heifers A, B, and D, the interval is prolonged. For the prolonged intervals, LH-driven P4 fluctuations intervene between the PGFM pulse and the transitional rebound. Rebounds under the influence of a PGF2a pulse occur before the transitional rebound in heifers A, C, D, and F. The seventh heifer in the series is shown in greater detail in Figure 6 .
PROGESTERONE CIRCULATORY DYNAMICS
The irregularities were associated with the variation in location of the peak of the LH pulse in individuals, which also accounts for the broader progesterone rebound when the mean is used than when the rebound is associated with an individual LH pulse.
The temporal studies and the studies with a GnRH antagonist have indicated that a complete progesterone rebound during preluteolysis and a partial rebound during early luteolysis are combined functions of the positive effect of an LH pulse and the loss of the negative effect of the descending portion of a PGF pulse. This review will designate a transient increase in progesterone to either an LH-driven progesterone fluctuation or to a progesterone rebound. An LH-driven fluctuation is attributed to the positive effect during the ascending portion and loss of the positive effect during the descending portion of an LH pulse (Figs. 5 and 6 ). In contrast, a progesterone rebound involves the loss of the negative effect of PGF during the descending portion of a PGF pulse combined with the positive effects of an LH pulse.
The biochemical mechanisms involved in the luteotropic and luteolytic effects of LH and PGF, respectively, have been reviewed [2, 52, 53] . Both small and large luteal cells contain receptors for LH. The LH luteotropic effect is exerted through   FIG. 6 . Concentrations of PGFM, progesterone (P4), and LH in an individual heifer and an individual mare. In the heifer, the temporal relationships of PGFM and LH pulses to the fluctuations and rebounds in P4 are depicted as described for Figure 5 . In the mare, the transitional PGFM pulse is small compared to subsequent pulses, and the PGFM pulses during luteolysis and LH pulses during preluteolysis and luteolysis are not associated with P4 irregularities.
FIG. 7. Means 6 SEM for concentrations of progesterone (P4) and PGFM in mares with an interval of 9 h between the peaks of the first two pulses of luteolysis. Progesterone decreases linearly during each pulse and between the pulses. Adapted from [10] with permission.
GINTHER AND BEG
PKA and MAPK signal-transduction pathways by increasing the phosphorylation of steroidogenic acute regulatory (StAR) protein. Phosphorylated StAR acutely enhances the transport of cholesterol across the mitochondrial membranes to be acted upon by the cytochrome P450 side-chain cleavage enzyme complex; this is a key step in acute stimulation of progesterone synthesis. In contrast, the PGF luteolytic effect is exerted through 1) downregulation of the receptors for the luteotropic hormones and 2) downregulation of the StAR protein, thereby inhibiting the transport of cholesterol across the mitochondrial membranes [53] [54] [55] . Thus, LH receptors and the StAR protein appear to be common points in the positive LH and negative PGF pathways that control progesterone output.
THE TRANSITIONAL PROGESTERONE REBOUND IN CATTLE
Luteal transition between preluteolysis and luteolysis occurs within 1 h as manifested by changes in progesterone concentration, based on blood sampling every hour in both cattle [46] and horses [56] (Figs. 5 and 6 ). In cattle, the progesterone rebound at the hour of luteal transition (transitional rebound) is complete in that progesterone returns to approximately the concentration before the PGFM pulse (see Progesterone Rebound Within a Natural PGFM Pulse in Cattle but Not in Horses). The descending portion of the complete rebound continues as the beginning of luteolysis (Fig. 5) . That is, luteolysis can be considered to begin when the progesterone decrease from the transitional rebound begins to exceed the prominent progesterone suppressions near the peak of a PGFM pulse during preluteolysis.
In the original report [46] , the interval from the peak of the last PGFM pulse of preluteolysis to the peak of the transitional progesterone rebound was 2 or 3 h in four heifers and 5 to 8 h in three heifers (Fig. 9) . The mean interval (4 h) was longer than the corresponding mean interval from the peak of the first PGFM pulse during luteolysis to a progesterone rebound (2 h). The prolonged interval from a PGFM pulse to the transitional rebound gives the impression that luteal transition in some heifers is not temporally associated with a PGFM pulse (Fig.  5) . The interval from the transitional rebound to the first PGFM pulse of luteolysis and the length of the interval between sequential PGFM pulses during luteolysis are similar. Apparently, the initiation of luteolysis or the molecular pathway from the peak of a PGF pulse to the beginning of luteolysis sometimes requires a longer interval for the last PGFM pulse of preluteolysis than for the first and subsequent pulses during luteolysis. Circulatory oxytocin increases and decreases concurrently with the last PGFM pulse during preluteolysis and the PGF pulses of luteolysis [57] . However, it is unknown if oxytocin accompanies earlier PGFM pulses during preluteolysis. Biochemical characterization of the immediate events from PGF secretion to a progesterone decrease during the luteolytic period, including the involvement of PGF and oxytocin, have been reviewed [3] [4] [5] 58] . However, the biochemical events during the interval from the last PGFM pulse of preluteolysis to the transitional progesterone rebound needs further research.
The LH-driven progesterone fluctuations that occur in cattle during a prolonged interval (.3 h) between the peak of the last PGFM pulse of preluteolysis and the transitional progesterone rebound are especially noteworthy. During this interval, LHdriven progesterone fluctuations did not occur in heifers with an interval of 2 or 3 h; only the transitional progesterone rebound occurred. However, one or two intervening LH-driven fluctuations occurred in heifers with longer intervals (Fig. 5 ) [46] . During the transitional rebound between preluteolysis and luteolysis, the peak of an LH pulse occurred at the peak or 1 h before the peak of the progesterone transitional rebound in each of seven heifers (Figs. 5 and 6 ). When the interval from the peak of the last PGFM pulse of preluteolysis to the transitional rebound is short, the interplay of LH and PGF controls the rebound. Adequate information is not available on the mechanisms involved in progesterone regulation during prolonged intervals (.3 h) between the PGFM pulse and luteal transition. The intervening LH pulses during prolonged intervals in addition to the LH pulse at transition may gradually return progesterone to the concentration before the PGFM pulse, but this is speculative. To minimize confusion and pending further information, this review will use the term transitional rebound regardless of the length of the interval between the last PGFM pulse peak of preluteolysis and the rebound. The proposed interrelationships between LH and PGFM pulses earlier during preluteolysis and for the last PGFM pulse of preluteolysis when the intervals between the pulse peak and luteal transition is 2 h have been diagrammed (Fig. 10 ). An example of the effects of pulses of LH and PGF on the irregularities of the progesterone profile during luteolysis (see Progesterone Rebounds and LH-Driven Progesterone Fluctuations in Cattle) also is depicted.
Progesterone rebounds that occur earlier in preluteolysis are similar to the transitional rebound in that they are associated with a PGFM pulse and an LH pulse (Figs. 5 and 6) . Therefore, the beginning of luteolysis after the transitional progesterone rebound cannot be attributed solely to the presence of the last PGF pulse of preluteolysis. Other factors are likely involved in the effectiveness of the last PGF pulse of preluteolysis compared to earlier pulses during preluteolysis. Further study will be required.
In mares, the last PGFM pulse of preluteolysis is the same as the first pulse of luteolysis in that luteolysis (progressive progesterone decrease) begins within an hour of the peak of the PGFM pulse (Fig. 6) [8, 56] . There is no PGF/LH regulated transitional progesterone rebound or a delay between the pulse and the onset of luteolysis. However, the transitional PGFM pulse and previous pulses during preluteolysis may be similar in concentration at the pulse peak and are small (e.g., 15% of the concentration of a pulse peak during luteolysis). The transitional PGFM pulse, but not the previous pulses, is accompanied by an oxytocin increase and decrease in concomitance with the ascending and descending portions of the transitional pulse [56] , respectively. Oxytocin, therefore, is a candidate for a role in the luteolytic effectiveness of the small transitional pulse and the initiation of luteolysis in mares.
ROLE OF LUTEAL BLOOD FLOW IN THE PROGESTERONE REBOUND IN CATTLE
A reduction in luteal blood flow is a component of PGFinduced regression of the corpus luteum, and several vasoconstrictive substances have been identified [53, 59, 60] . More germane to this review is the frequent statement that an acute increase in luteal blood flow is one of the earliest physiological signals in the luteolytic cascade in cattle [61, 62] . However, the concept of an increase in luteal blood flow as an initiator of luteolysis should be reconsidered and potentially modified owing to the following recent demonstrations: 1) the progesterone increase after an overdose of PGF is nonphysiological (see Nonphysiological Progesterone Increase in Cattle and Horses) and 2) a complete rebound in progesterone concentration is associated with the PGFM pulse near the luteal transition between preluteolysis and luteolysis (see The Transitional Progesterone Rebound in Cattle).
The first transrectal color-Doppler study on luteal blood flow in response to exogenous PGF or a PGF analog involved a luteolytic bolus treatment with a PGF analog during the midluteal phase in cattle [63] . Blood flow increased between the first two posttreatment samples (0.5 and 1 h), remained elevated at 1 and 2 h, and then decreased. Progesterone concentrations decreased rapidly over 0, 0.5, and 1 h, and then more slowly. These results were interpreted to indicate that a transient increase in luteal blood flow is associated with the initiation of luteolysis. Our laboratory confirmed the reported PGF-analog results and subsequently conducted several experiments with exogenous PGF [15, 41] . A 25-mg systemic PGF treatment or a 2-mg intrauterine treatment stimulated a marked increase in blood flow 2 h after treatment (first posttreatment determination), but progesterone concentration did not change by 2 h and decreased at the next determination at 24 h [15] .
The experiment with a PGF analog [63] and the experiments from our laboratory with an overdose of PGF [15, 41] were flawed in that blood samples were collected infrequently. Therefore, an immediate nonphysiological progesterone increase and a significant progesterone rebound at 2 h were not FIG. 9. Means 6 SEM for concentrations of progesterone (P4) and PGFM normalized to the mean number of hours between the peak of the last PGFM pulse of preluteolysis and the transitional hour and separately between the transitional hour and the peak of the first PGFM pulse of luteolysis. The dots on the x-axis represent the hours of individual PGFM peaks before (solid dots) and after (open dots) the transitional hour. A circle around a P4 mean indicates a change (P , 0.05) in direction. Adapted from [46] with permission.
GINTHER AND BEG detected. In addition, progesterone rebounds may not be detected when an overdose of PGF or its analog is used (see The Experimental Progesterone Rebound in Cattle but Not in Horses). A misinterpretation will result if the increase in luteal blood flow is perceived to occur at the beginning of induced luteolysis, rather than during or at the expected hour of a rebound. It seems that being unaware of the rebound phenomenon and infrequent blood sampling led to the misinterpretation that luteal blood flow increases while progesterone is initially decreasing (beginning of luteolysis).
The original noninvasive color-Doppler study of luteal blood flow during spontaneous luteolysis in ruminants was done at 12-h intervals in cattle [64, 65] . Luteal blood flow and PGFM concentration increased concurrently 16 days postestrus, but progesterone did not begin to decline until 18 days. It was concluded that luteal blood flow increased before progesterone decreased and seemingly was consistent with the PGF-analog study. It was proposed that an acute increase in luteal blood flow is a universal phenomenon in the initiation of spontaneous luteolysis. However, in a subsequent study in our laboratory, neither normalization to ovulation nor to the end of luteolysis (progesterone ,1 ng/ml) confirmed that an initial increase in luteal blood flow was associated with luteolysis; luteal blood flow decreased the day after progesterone decreased [15] . It appears that the study of spontaneous events preceding and during luteolysis at 12-and 24-h intervals can be misleading in that the interval between blood sampling greatly exceeds the interval between events. If the number of animals in a group is small (e.g., ,10), an increase in PGFM may represent the chance occurrence of the major portion of a PGFM pulse at the same 12-h sample for a number of animals. We prefer frequent blood sampling (e.g., every hour) to detect each individual PGFM pulse so that hypotheses can be tested by centralizing blood flow, progesterone, and other factors to the peak of the PGFM pulse.
An increase in luteal blood flow during the hours of an expected or demonstrated progesterone rebound in cattle has been reported for spontaneous [15] , induced [47] , and simulated PGFM pulses [25, 42] . In the initial study using the first spontaneous PGFM pulse during luteolysis, luteal blood flow increased during the ascending portion of the PGFM pulse, remained elevated for 2 h after the PGFM peak, and began to decrease when PGFM reached a low concentration (Fig. 4) [15] . In a later study [45] , it was noted that a progesterone rebound occurred at the hours of elevated blood flow that was shown in the earlier study. Temporally, the increase in blood flow can be attributed to the increase in PGF during the pulse, and the subsequent progesterone rebound could be attributed to the elevated blood flow. However, despite this temporal relationship, it apparently has not been shown that an increase in luteal blood flow directly stimulates an increase in progesterone output. By the time blood flow begins to decrease 2 h after the PGFM peak, concentrations of PGFM have reached low levels. The end of the PGF decrease may account for the blood flow decrease, but this has not been shown directly.
Intravenous infusion of PGF induced a significant progesterone rebound for a 5-mg dose but not for 10-and 15-mg doses [41] , whereas all the doses stimulated an increase in luteal blood flow. These results indicate that an increase in luteal blood flow is more responsive to PGF than is a progesterone rebound and that increased blood flow can occur in the absence of an increase in progesterone. Intrauterine infusion of PGF to simulate a PGFM pulse resulted in an immediate gradual increase in luteal blood flow with a significant increase by 45 min after the start of infusion (Fig.  8 ) [42] . The elevated blood flow encompassed the later progesterone rebound and appeared to begin to decrease before progesterone decreased. These results indicated temporality between PGFM, a progesterone rebound, and luteal blood flow, except that an increase in blood flow began during the PGFM increase and therefore well before the progesterone rebound. The role of LH in luteal blood flow was studied during PGF infusion to simulate a PGFM pulse with and without an LH The indicator numbers refer to the following: 1) LH-driven P4 fluctuation; 2) complete P4 rebound under the influence of both PGF and LH pulses; 3) transitional complete P4 rebound; 4) partial P4 rebound during luteolysis; and 5) absence of a P4 rebound late in luteolysis. The P4 rebounds return P4 to the concentrations before the PGFM pulse. R indicates the apparent beginning of luteolysis as suggested by the first hour when P4 concentrations appear to decrease below the previous depressions during preluteolysis. The relationships between PGF and LH during luteolysis appear to be less organized than during preluteolysis. The first PGFM pulse during luteolysis is associated with PGF and LH effects similar to those during preluteolysis, but the P4 rebound does not return P4 to the concentration before the PGFM pulse. The control of the P4 profile appears to wane gradually so that during the later portion of luteolysis there may be no apparent PGF and LH effects on P4.
PROGESTERONE CIRCULATORY DYNAMICS inhibitor [42] . A gradual increase in blood flow reached significance 45 min after the beginning of PGF infusion even when LH was inhibited (Fig. 8) . Therefore, the initial blood flow increase was temporally attributable to a change in concentrations of PGF but not to a change in LH concentration.
During the past decade, treatment with a PGF analog has become a model for study of the control of progesterone concentration and luteal blood flow during luteolysis in cattle [63, [66] [67] [68] . For example, the model has been used to demonstrate that polymorphonuclear neutrophils accumulate in the corpus luteum within 5 min after treatment [66] and that nitric oxide is produced in the corpus luteum as a function of PGF [68] . However, examination of the published progesterone profiles [66, 68] indicates to us that the model was associated with a nonphysiological increase in progesterone. Hypotheses were tested during the nonphysiological progesterone increase and related by interpretation to spontaneous physiological mechanisms. It appears that the use of an overdose of PGF or a PGF analog as a research model can lead to misinterpretations on the spontaneous relationship between the beginning of luteolysis and an increase in luteal blood flow. Many factors have been studied to determine their role in luteal blood flow, progesterone secretion, and the mechanisms of luteolysis (e.g., angiopoietin-2, angiotensin II, endothelin 1, nitric oxide, oxygen, tumor necrosis factor, and vascular endothelial growth factor [60, 62, 67] ). For example, extensive studies have indicated that an increase in luteal blood flow is induced by the vasodilation effects of nitric oxide. Injection of nitric oxide into the corpus luteum 14 days after estrus increased luteal blood flow at 30 min (first examination) for 8 h [69] . The blood flow increase was not associated with a change in progesterone concentration during the 8 h, indicating that a blood flow increase and a change in progesterone concentration are independent events or dependent events with a considerable FIG. 11 . Diagrammatic comparison of heifers and mares for the relationships among luteal blood flow (BF) and circulating concentrations of oxytocin (OT), PGF2a (PGF), progesterone (P4), and LH. The interplay between a positive effect of LH pulses and a negative effect of PGF pulses on the P4 profile is depicted for heifers. Pulses of LH do not affect the P4 profile in mares. Concentration of P4 decreases and increases within the hours of a PGF pulse in heifers but not in mares. Luteal transition occurs during an interval between preluteolytic and luteolytic PGF pulses in heifers, whereas a small PGF pulse occurs at luteal transition in mares. Concentrations of OT in heifers increase and decrease with the last preluteolytic PGF pulse and with the first luteolytic pulse. Concentrations of OT in mares increase and decrease with the small transitional PGF pulse and the luteolytic pulse, but not with a similar small pulse during preluteolysis. The horizontal arrows (8 or 9 h) after the first luteolytic pulse in each species indicate the mean interval to the peak of the second luteolytic pulse (not shown). Blood flow during a PGF pulse also differs between species. A question mark (?) indicates that the oxytocin concentration or the extent of luteal blood flow during the corresponding PGF pulse is unknown.
GINTHER AND BEG time lag between them. The intraluteal injection of an inhibitor of nitric oxide suppressed the increase in blood flow that occurs after treatment with a PGF analog. However, the transitional progesterone rebound that was recently shown to occur during the descending portion of a PGFM pulse at the beginning of luteolysis (see The Transitional Progesterone Rebound in Cattle) was not discussed apparently in any of the reports on nitric oxide and other factors.
In mares, comparison of progesterone concentrations and luteal blood flow every 12 h during the estrous cycle by colorDoppler ultrasonography indicated that progesterone decreased before a detected decrease in luteal blood flow (Fig. 4) [70] . Treatment with a luteolytic dose of PGF induced a nonphysiological progesterone increase but did not increase luteal blood flow. As in cattle, blood samples were obtained hourly during a PGFM pulse [16] . During luteolysis, unlike in cattle, luteal blood flow did not change significantly during the ascending portion of a spontaneous PGFM pulse but decreased considerably during the descending portion. In contrast, progesterone concentrations decreased linearly throughout the pulse (Figs. 4 and 7; see Progesterone Rebound Within a Natural PGFM Pulse in Cattle but Not in Horses) [8, 10, 16] . There were no progesterone rebounds. These studies have indicated profound differences between the two species in the temporal relationships among a PGFM pulse, luteal blood flow, and changes in direction of progesterone concentration. On a comparative basis, the interrelationships indicate either a profound evolutionary departure between the two species or transient increases in blood flow and the associated progesterone rebounds are not important factors in the luteolytic process in either species.
CONCLUSION
The comparative aspects between cattle and horses in the dynamics of the progesterone profile and the roles of PGF and LH pulses, concentrations of oxytocin, and luteal blood flow are summarized diagrammatically (Fig. 11) . In both species, luteal transition between preluteolysis and luteolysis is manifested within 1 h on the basis of hourly assay of progesterone. In cattle, progesterone decreases during the ascending portion of a PGF pulse and increases or rebounds during the descending portion; the rebound is partly attributable to the positive effect of an LH pulse. At the hour of luteal transition in cattle but not in mares, a complete progesterone rebound occurs that returns the concentration to the level before the last PGF pulse of the preluteolytic period. It is proposed that luteolysis begins during the progesterone decrease of the transitional rebound. Pulses of PGFM that occur before the last preluteolytic PGFM pulse may also be associated with a progesterone rebound. During luteolysis, the rebounds become less-and-less dramatic as luteolysis progresses, apparently influenced by the progressive decrease in viability of the luteal cells. A transient increase in luteal blood flow apparently is a direct effect of the increasing PGF during a PGF pulse. The concurrent increase in luteal blood flow and the ascending portion of a PGFM pulse does not occur in mares. Instead, blood flow decrease is enhanced at the peak of each PGFM pulse during luteolysis. A positive effect of an LH pulse on progesterone fluctuations and rebounds does not occur in mares, accounting for the absence of progesterone rebounds within a pulse of PGF and for less dynamism in the progesterone profile.
